Introduction
Both morbidity and mortality are higher in males than in females in early life, with this di!erence persisting after adjustment for gestational age and body size, and being more marked in low birthweight and pre-term subjects (Bawkin, 1929; Ciocco, 1940; Sabin et al., 1958; Hammoud, 1965; Washburn et al., 1965; Froeschle et al., 1966; Abramowicz & Barnett, 1970; Glezen et al., 1971; Naeye et al., 1971; Paneth et al., 1982; Khoury et al., 1985; Resnick et al., 1989; Ho!man & Bennett, 1990; Zhang et al., 1991; Copper et al., 1994; Msall et al., 1993 Msall et al., , 1994 Synnes et al., 1994; La Pine et al., 1995; Fanaro! et al., 1995; Read et al., 1997; Stevenson et al., 1998; MacDorman & Atkinson 1998; Stoll et al., 1998) . The degree of sex di!erence in morbidity is not consistent between disease states, but some of this inconsistency may be due to variation between diseases in the symptomatic-to-asymptomatic infection ratios, since a sex di!erence is predicted to be harder to detect when the symptomatic-to-asymptomatic infection ratio is high (Green, 1992) .
Aside from e!ects of speci"c sex-chromosome factors, the increased disease stress in males is poorly understood (Green, 1992; Synnes et al., 1994) . The increased susceptibility of males to nutritional insult in early life, reported in both humans and other animals (Smart, 1977 (Smart, , 1986 Katz, 1980; Lucas et al., 1990 Lucas et al., , 1998 , is also generally assumed to be an unresolved biological issue (Lucas et al., 1998) . Evolutionary theory has previously been used to link selective male mortality and biased sex ratios at birth (Trivers & Willard, 1973) . However, despite referring to sex di!erences in survival, the signi"cance of this theory for the epidemiology of disease in early life has not adequately been realized. The aim of the present paper is to expand the Trivers}Willard hypothesis and explore its signi"cance for the early-life association between sex and disease in greater detail.
Evolutionary Theory
Di!erential sex mortality in early life is consistent with aspects of evolutionary theory which model maternal strategies for the maximization of reproductive success during the period of parental investment (PI). In general, natural selection favours parents who invest equally in sons and daughters (Fisher, 1930) . If parents invested the same in an average son as in an average daughter, then natural selection would favour a sex ratio of 1.0 at conception, since if the ratio deviated from this value, selection would always favour the rarer sex. However, evidence from humans consistently indicates an excess of males at conception (Robinette et al., 1957) , and it is ratio of 1.0 at weaning that is actually predicted by evolutionary theory (Maynard Smith, 1978) .
Under certain conditions, natural selection favours subsequent manipulation of the sex ratio following conception, leading to variation in the secondary ratio at birth (Trivers & Willard, 1973) . Natural selection is not the only model which has been proposed to account for variation in the human sex ratio at birth (James, 1998) , but the e!ects of di!erent mechanisms will be additive, and for the purposes of this article, it is the natural selective mechanism that is relevant.
The Trivers}Willard argument may be summarized as follows. In vertebrates in general, nearly all females mate successfully, with the females in the best condition producing the healthiest o!spring. In contrast, larger stronger males mate at a high frequency while their smaller weaker peers may fail to mate at all. Evolutionary theory predicts that a female in good condition would maximize her reproductive success if she gave birth to sons, who are themselves likely to have high reproductive success on reaching adulthood. A female in poor condition who gave birth to unhealthy sons might expect a poor reproductive return from them and so she is predicted to maximize her reproductive success by giving birth to daughters who will at least mate, even if not as successfully as their healthier and "tter peers.
The hypothesis rests on three assumptions: (1) that at the end of PI, the condition of the o!spring re#ects the condition of the mother during PI; (2) that di!erences in condition at this time endure into adulthood; and (3) that condition in adulthood di!erentially a!ects reproductive success more in males than in females. Whether all three of these assumptions invariably hold true in contemporary human populations is debatable, but they can be assumed to have characterized our evolutionary history (Trivers & Willard, 1973) .
Females therefore are predicted to manipulate the sex ratio of their o!spring during the period of PI, skewing the sex ratio towards more daughters when the environment is poorer. There is evidence from both human and animal studies that such manipulation takes place*adverse environmental conditions are associated with a reduced male : female sex ratio at birth in deer (Robinette et al., 1957; Clutton-Brock et al., 1986) , rabbits (Maurer & Foote, 1971) , sheep (Rasmussen, 1941) and humans (Shapiro et al., 1968; Williams & Gloster, 1992; ChaconPuignau & Ja!e, 1996; Andersson & Bergstrom, 1998) . Experimental evidence of the mechanism has recently been demonstrated in birds (Nager et al., 1999) , and human studies have provided evidence of the mechanism extending to other aspects of di!erential PI besides birth sex ratio variation (Gaulin & Robbins, 1991) . High social status, most notably in European royal families, has been associated with sex ratios of up to 1.37, which is attributed to the minimization of early male mortality (Winston, 1932; Bernstein, 1948) .
Since it is the male gamete which determines sex in mammals, it is through di!erential mortality of o!spring by the female that the sex ratio at birth is determined (Trivers & Willard, 1973) . Hence, di!erential male mortality during the period of PI is predicted to be &&part of the mechanism by which a female adjusts the sex ratio of her young in such a way as to maximize her eventual reproductive success'' (Trivers & Willard, 1973) . The chain of events may be conceptualized as follows:
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The signi"cance of this mechanism for variation in the birth ratio was explicitly realized by the authors of the hypothesis. The relevance of the theory to the epidemiology of neonatal and infant disease has apparently been neglected however, and is discussed below.
Making the Manipulation
Manipulation of the sex ratio must be achieved by a mechanism which transmits given environmental e!ects di!erentially onto males and females. Genes are successful in evolution simply if they maximize their survival in the gene pool over time. The Trivers}Willard theory argues that genes achieve this best if the o!spring is male when the early environment is good, and female when it is poor. Therefore, genes which favour male health when the environment is good, and genes which favour early male morbidity and mortality when the environment is bad, will both be selected over time.
These selective forces have two e!ects. Firstly, they have favoured genes for greater birthweight in males in good environments. A mother has a "nite quantity of PI to divide among her total o!spring, but in a good environment she invests proportionally more in a male than in a female fetus during the second half of pregnancy, resulting in the male being heavier at birth. This greater energy deposition is disproportionately in the form of lean tissue, since female infants though smaller are fatter than males at birth (Copper et al., 1993) .
Similarly, but in the opposite direction, the selective forces have favoured the spread of genes for male vulnerability in poor environments. These genes may increase susceptibility to disease in a poor environment, or increase the severity of a given disease, compared to females. Male infants show delayed lung maturation compared to females equivalent to '1 week of gestational age (Torday et al., 1981) , and so remain more vulnerable despite their greater size. Thus, we may consider both the heavier birthweight of males, and their increased vulnerability in early life, to be two sides of the same coin, the product of natural selection acting on genes which contribute to the maximization of maternal reproductive success.
This model predicts that any disease, that affects males to a greater extent than females, will play a role in the mechanism underlying selective mortality. However, it may be useful to distinguish between diseases which act on general vulnerability, and those which have been selected more actively due to their enhanced susceptibility to nutritional insult. This issue will be dealt with in greater detail below.
The Period of Parental Investment
The Trivers}Willard hypothesis aimed to account for di!erences in the sex ratio at birth, but as these authors mentioned, extending the period over which selective mortality can occur would confer greater #exibility on the mother. Environmental conditions may deteriorate at any stage of PI, and birth does not represent a PI endpoint. Most di!erential mortality is predicted to occur in early pregnancy, so that the potential PI resources can be redirected to another pregnancy, but it would be wrong to assume that selective mortality can no longer bene"t the mother in late pregnancy and early infancy. If the environment were consistently poor, the optimum time for selective mortality would indeed be early in pregnancy and the highest frequency of selective mortality would be expected at this time.
NATURAL SELECTION AND EARLY DISEASE
However, if the environment worsened after conception, selective mortality would continue to remain of value to the other as long as PI could not be o!ered to a future, potentially better value, o!spring until the requirements of the present o!spring were terminated.
Central to the Trivers}Willard hypothesis is the concept that the strategy which maximizes the mother's reproductive "tness is not the same as that which maximizes the o!spring's. Because mother and o!spring share only 50% of their genes, and the mother typically divides her total PI among di!erent o!spring, there is a con#ict of interest between mother and any one o!spring. Inclusive "tness of the mother is maximized by a lower level of PI in any one o!spring than that which would maximize the inclusive "tness of that o!spring (Trivers, 1974) , as has been demonstrated for birthweight (Karn & Penrose, 1952; Blurton Jones, 1978) . This con#ict of interest changes with o!spring age, and manifests in older o!spring as a steady but relatively benign withdrawal of PI, initiated by weaning. However, in younger o!spring, the con#ict of interest may be su$ciently dramatic for the mother to bene"t from selective mortality of her o!spring.
Maternal manipulation of the sex of her o!-spring could involve di!erential mortality either of embryos, fetuses or infants. Di!erent mechanisms may be assumed to have evolved for these di!erent stages of growth, and this article is concerned with the o!spring only after it has reached the minimal stage of development compatible with extra-uterine life. Prior to this age, manipulations of the sex ratio will manifest through miscarriage rather than neonatal or infant disease, with an increased prevalence of males in stillborn fetuses again reported (Bawkin, 1929; Strandskov & Bisaccia, 1949; Hammoud, 1965; Jakobovits et al., 1987) . Post-natally, the sex ratio may be deliberately manipulated according to cultural values, the most obvious method being infanticide which has often been used to skew the ratio towards males (Dickemann, 1979) . Such practices ultimately contribute to the di!erential success of genes in the gene pool, but this article is concerned only with morbidity and mortality which may be attributed to natural, rather than arti"cial, selection.
Humans are characterized by a relatively long period of PI extending well beyond birth, and because birth occurs when the o!spring is still at a comparatively vulnerable stage of development, post-natal maternal investment, especially nutrition, is a major factor a!ecting long-term survival and reproductive "tness. Exclusive breast-feeding may inhibit reconception for up to four years post-partum (Blurton-Jones, 1986) , such that the period of intensive post-natal PI is potentially much greater than that of pregnancy. Whether the mother can invest in another conception at the same time as feeding an infant by lactation is determined by her own energy stores, which are themselves an index of environmental conditions. Below a certain level of maternal body-fat, breast-feeding results in lactational amenorrhoea, ensuring that while the infant continues to suckle, the mother cannot reconceive (Fitzgerald, 1992) . When higher maternal body fat is present, reconception is possible, and interbirth interval is thus a direct function of environmental conditions mediated by maternal nutritional status (Fitzgerald, 1992) .
In humans therefore, pregnancy is only the "rst part of a period of PI during which the mother is predicted to bene"t from being able to manipulate the sex ratio of her o!spring: when the environment is poor, selective mortality may bene"t the mother well into her o!spring's infancy. As Dawkins & Carlisle (1976) have argued, the value to the mother of selective mortality is not related to her previous investment in a given o!spring. At any one time, whatever the age of the o!-spring, either continuing to invest in an existing o!spring or investing in a new o!spring may maximize maternal reproductive success. Natural selection is predicted to have favoured mechanisms that allow selective mortality in conditions where the second option is better, no matter how much investment has been directed to the o!-spring previously.
Evolutionary theory therefore predicts that natural selection will favour the persistence of male vulnerability until weaning occurs and maternal reconception is possible. Following this age, the cost to the mother of any one o!spring is markedly lower, and the selective pressure on male vulnerability will relax. Indeed, there is some evidence that early male vulnerability disappears, so that by 7}15 yr morbidity has been reported to be higher in females (Sweeting, 1995) . In the "rst half of the century, Bawkin (1929) demonstrated that in both U.S. and U.K. populations, excess male mortality steadily declined from birth to 4 yr of age, when the sex di!erence disappeared. This four-year time point matches approximately the interbirth interval in preindustrial societies (Lee & Devore, 1968; BlurtonJones, 1986) , and is highly consistent with the theory that mechanisms for di!erential male mortality would be favoured until the time point at which an o!spring was su$ciently independent to allow maternal investment in further o!spring.
Triggering the Mechanism
Environmental deterioration may take many forms, including physical damage to the uterus, the presence of speci"c toxins, the absence of certain essential nutrients or the lack of adequate energy and protein for growth. This latter category is likely to be of most relevance to the Trivers}Willard hypothesis, since whether a male represents a better or worse strategy for maximizing maternal reproductive success is primarily a function of early growth. The other factors, which are likely to exert more severe lifethreatening e!ects, are predicted to act more equally on the two sexes.
During pregnancy, when growth is at its most rapid and hence most vulnerable to nutritional insult, speci"c nutrients may additionally play an important role: essential fatty acids, for example, have been suggested as a limiting factor for brain growth (Crawford et al., 1987) . Following birth however, energy tends to be the limiting nutrient for early growth and development (Wells et al., 1993) , and there is little evidence of micronutrient intakes restricting growth (Allen, 1994) . Studies of human infants indicate that optimal growth is a good proxy for general "tness (Kow et al., 1991) , while poor early growth is of course directly related to the outcome of interest, adult size. These facts indicate that the trigger for selective male mortality is likely to be general malnutrition, especially after birth, but the causes of this malnutrition are several, and vary with age of the o!spring.
During pregnancy, the foetus may experience malnutrition either if the mother is poorly nourished, or if placental function is impaired. Post-natally, the term infant may experience malnutrition if lactation is sub-optimal (Bailey, 1965) , or if the weaning diet is poor (Rowland et al., 1978) . Further, disease may either reduce infant appetite (Tomkins, 1985) , adversely in#uence intestinal absorption (Lunn et al., 1993) or increase energy requirements through the costs of infection (Butte et al., 1993) . The link between infection and malnutrition is complex, but there is ample evidence that malnutrition both increases the likelihood of infection, and compromises the infant's ability to survive the illness (Rowland et al., 1981; Schroeder & Martorell, 1997) . The net result of all these e!ects is an inadequate supply of energy and protein for optimal growth, and an inability to develop protective energy stores by which subsequent health may be maintained.
Whatever be the state of the environment, preterm birth inevitably in#icts harsher conditions on the o!spring, including simultaneous loss "rstly of thermal homeostasis, secondly of protection from pathogens and physical injury, and thirdly of placental nutrition. Survival of preterm infants is a relatively modern phenomenon, associated with intense development of medical technology. As the scienti"c understanding of pregnancy, and the technological ability to simulate the required conditions arti"cially, have improved, the minimum stage of development at which life is possible has been extended further back into pregnancy. Nevertheless, practical di$culties continue to impose limitations and the earlier the pre-term birth, the cruder the simulated conditions, the harsher the resulting environment, and the higher the morbidity and mortality.
Pre-term birth itself is characterized by an increased number of males, with studies consistently showing a male excess, compared to all births, of 4.4}8.8% (Cooperstock & Campbell, 1996) . This sex di!erence is too small to have implications for health care, but is highly signi"-cant statistically, and indicates that the e!ects of male vulnerability are observable both in the incidence and the consequences of pre-term birth. Pre-term birth is therefore the most extreme example of a wider range of patterns of malnutrition that may develop in early life. All such patterns are predicted to expose the greater male vulnerability, but pre-term birth will have a particularly severe impact, both because optimum growth at this time is faster than post-natally, and because the environmental deterioration is more extreme. The development of the general pattern, by which malnutrition of the mother or o!spring is related to excess male mortality, is illustrated in Fig. 1 and discussed in relation to di!erent disease states below.
The Pattern of Disease in Early Life
According to the theory described above, worsening of environmental conditions is predicted to trigger the mechanisms underlying selective mortality of male o!spring. Such mechanisms may be divided into two broad types, general susceptibility to malnutrition and diseases, and diseases actively selected through their di!erential e!ect by sex.
GENERAL VULNERABILITY
Firstly, natural selection is predicted to have favoured increased male vulnerability to general factors such as infectious disease, injury or malnutrition. Such factors may be in#icted on either sex at any age, and the model merely predicts that in early life, natural selection has favoured greater vulnerability of males to these insults. Observational data are consistent with the model. Throughout the 20th century, a greater incidence of male mortality in the post-natal months has been noted for a wide range of diseases, including diarrhoeal diseases, measles, diphtheria, tuberculosis, pneumonia and syphilis (Bawkin, 1929) , respiratory distress syndrome (Khoury et al., 1985) , haemorrhages (Naeye et al., 1971) , birth injuries (Khoury et al., 1985) and sudden infant death syndrome (Kraus et al., 1989; Mitchell et al., 1992) . In a recent large study of over 18 million births where infectious disease was the fourth leading cause of infant mortality, accounting for 9% of all deaths, mortality from this source was highly signi"cantly greater in males (58% of deaths from this source) (Read et al., 1997) .
Though less widely researched, a similar pattern can be seen for morbidity with regard to various diseases, including rickets (Bawkin, 1929) , meningitis and septicaemia (Washburn et al., 1965) , enterovirus (Sabin et al., 1958; Froeschle et al., 1966) and acute lower respiratory disease (Glezen et al., 1971) . It should be noted that sex di!erences in morbidity are not always easy to identify, due to their being less obvious when the symptomatic-to-asymptomatic infection ratio is high (Green, 1992) . Finally, males have been shown to be more vulnerable to malnutrition in early infancy, in terms of subsequent cognitive performance (Lucas et al., 1990 (Lucas et al., , 1998 .
I have argued above that nutrition is the ultimate trigger for selective mortality and morbidity, as it is this aspect of the environment that is most directly related to adult size and hence male reproductive "tness. However, nutrition is clearly not the primary cause of all early disease, and its role in di!erential morbidity and mortality is more subtle. Two points need to be borne in mind.
Firstly, as discussed above and argued in greater detail below, male physiology in early life is inherently less robust than of females. This di!erence is assumed to have evolved under strong selective pressure from nutritional stresses, but the vulnerability in contemporary populations is now more general and, for any given level of nutritional status, environmental stresses are likely to be more associated with greater morbidity and mortality in males than in females.
Secondly, with regard to infectious diseases it is their interaction with nutrition that is critical. Poor nutritional status at birth has been associated with an increased risk of subsequent mortality (Morris et al., 1998) including that from infectious disease (Read et al., 1997) , and it remains associated with greater morbidity and mortality from infectious disease throughout infancy (Pelletier et al., 1994; Fawzi et al., 1997; Yoon et al., 1997; Genton et al., 1998) . Mortality risk is increased even when malnutrition is only moderate, and decrements in nutritional status increase mortality risk in an exponential fashion (Pelletier et al., 1994) . In turn, most infectious diseases in early life impair nutritional e$ciency, by reducing appetite, compromising intestinal function or increasing energy requirements through the costs of infection.
Hence, poor nutritional status predisposes to infection, and even where nutrition is not the primary cause of post-natal disease, most infectious diseases adversely a!ect nutritional status, creating a vicious cycle (Schroeder & Martorell, 1997) . The inherent vulnerability of males, combined with the role of nutrition in the process, therefore predisposes them to greater morbidity and mortality from a wide range of infectious diseases and other general stresses in early life.
ACTIVELY SELECTED DISEASES
Secondly, natural selection is predicted to have favoured the genes for speci"c early-life diseases in males which are caused by poor environmental conditions. According to the most simple model, a non-infectious disease caused by exposure to poor environmental conditions ought to be selected out of the gene pool, since it is directly related to low reproductive success. However, the Trivers}Willard hypothesis indicates that if a disease has a di!erential e!ect according to infant sex, it will play a more complex role in maximizing reproductive success, and may be actively selected under certain conditions. In evolutionary terms, early-life diseases may be either bene"-cial to the mother (when the environment is poor, by permitting manipulation of the sex ratio) or neutral to the mother (when the environment is good, in which case the disease fails to develop). Under these conditions, genes for such diseases will spread and become common, or even universal, in the population gene pool. If the genes become universal, the trait will manifest as a invariable feature of human biology, such that any individual will display the symptoms if the required environment is provided. Equally, if the environmental risk factors can be avoided, then the chances of developing the disease can be minimized.
Again, observational data are consistent with the model. Neonatal diseases are consistently more serious in pre-term than in term infants (Read et al., 1997) , and occur more often in smallfor-gestational age infants compared to appropriate-for-gestational-for-age infants (Minior & Divon, 1998) , indicating that environmental deterioration plays a role in their aetiology. Likewise, male sex is usually an independent risk factor. Little research has been directed to investigating the origins of such diseases, but I suggest that any neonatal disease, that arises neither from infection nor speci"c injury but is characterized by a sex di!erence, may prove to be a member of this group.
For example, respiratory diseases [respiratory distress syndrome (RDS) and chronic lung disease (CLD)] are a common cause of early mortality with a high male excess mortality risk of 1.57 (Khoury et al., 1985) . These authors argued that the excess male mortality from RDS was due to a higher incidence of the disease, rather than the illness being more severe, and that the higher incidence was consistent with the retarded lung maturation of males (Torday et al., 1981) . Intrauterine growth retardation is a contributory factor in the aetiology of CLD (Ryan, 1998) , but malnutrition typically worsens following birth due both to reduced energy intake (Ryan, 1998) and to raised energy expenditure from the respiratory distress (Frank & Sosenko, 1988) : thus the disease process itself enhances the malnutrition. These "ndings suggest that nutrition plays an important role in the aetiology of neonatal lung disease, but that females are to some extent protected from this vicious cycle through their greater lung maturity.
A further example is provided by cerebral palsy, which is associated with pre-natal or NATURAL SELECTION AND EARLY DISEASE peri-natal deterioration of the uterine environment, and is much more common in males than in females (Spinillo et al., 1997) . The true incidence of cerebral palsy is impossible to estimate, because fetuses dying in utero cannot be diagnosed. However, over the last two decades, the absolute incidence of cerebral palsy has increased due to increased survival of pre-term infants (Spinillo et al., 1997) , while the incidence in term infants has remained unchanged (Stanley & Watson, 1992) . This pattern of incidence is equivalent to a direct relationship between environmental deterioration and disease incidence, and suggests that the trait is common if not universal. There is also evidence that improved nutrition following pre-term birth can reverse this trend (Lucas et al., 1998) , and that maternal hypertension during pregnancy, which increases placental transfer to the foetus (Churchill et al., 1997) , is associated with a protective e!ect against the disease (Gray et al., 1998) . These "ndings are all consistent with the hypothesis that malnutrition plays a crucial role in determining the incidence of the disease, with the e!ect more noticeable in males.
Further work is required, to consider a greater range of neonatal non-infectious diseases. However, the model presented in this paper predicts that such diseases may have been actively selected during our evolutionary history, so that they comprise, along with general vulnerability, the mechanism by which selective mortality is achieved.
The Evolution of Programming
The last decade has seen resurgence of interest in the link between early environment and subsequent development. The idea of critical early windows, during which a stimulus exerts a longlasting and irreversible e!ect, was "rst suggested by Davison and Dobbing (1968) in their critical period hypothesis and subsequently re"ned as the concept of programming by Lucas (1991) . Extensive epidemiological evidence of programming has been put forward by Barker (1993) , and experimental evidence is also emerging rapidly (Waterland & Garza, 1999) .
Despite the realization of the potential impact of early programming on later health, the evolutionary origins of the vulnerability of animals to early environmental stresses have been ignored. A simplistic model would predict strong selection for e!ective strategies to protect the foetus from environmental insult, so that PI is rewarded by the birth of healthy o!spring. However, the signi"cance of the Trivers}Willard hypothesis is that it acknowledges the bene"ts to the mother of being able to predict subsequent reproductive "tness of her o!spring. In order for the mother to be able to maximize her total reproductive success, by manipulating o!spring sex in relation to environmental conditions, there must be potential vulnerability in the o!spring on which the environmental stress can act. Such vulnerability must comprise physiological mechanisms which have been favoured by natural selection.
The Trivers}Willard hypothesis assumes that maternal "tness is used as a proxy for future "tness of her o!spring, and that the information carried by her during pregnancy is used to determine her optimum reproductive strategy. In extreme conditions, it may bene"t the mother to terminate investment in an o!spring regardless of the sex of o!spring. This may involve failure to implant the embryo in utero, spontaneous termination of the foetus subsequently, or even infanticide after birth. In less extreme but still adverse conditions, the Trivers}Willard hypothesis predicts that selective mortality of male o!spring will be favoured. In good environments, such selective mortality will not be favoured, and investment in the o!spring regardless of sex is maximized, with males programmed to receive more PI than females, and the skewed sex ratio at conception re#ected in the ratio remaining above 1.0 at birth. This model explains why vulnerability is present in both sexes, and is merely greater in males.
Maternal reproductive success may be maximized by selective mortality, but clearly it is also highly dependent on PI both before and after birth. It can safely be assumed that natural selection has strongly favoured the evolution of maternal behavioural patterns which permit e$cient distribution of PI to o!spring. The mechanism for selective mortality must therefore be buried in physiological mechanisms which can exert their e!ect independently of maternal care: the model predicts only that in adverse environments, basic physiological mechanisms promoting foetal and infant growth may be superseded by other mortality-inducing mechanisms triggered by the environmental conditions. That early nutritional programming plays a fundamental role in the mechanism by which selective mortality is achieved is supported by the fact that it is overwhelmingly an early-life phenomenon. Whereas hormonal programming of growth continues to operate during childhood, there is little evidence for later critical windows in which nutrition is the key in#uence. Rather, nutritional e!ects of both over-and under-feeding in childhood and adulthood are generally reversible, with the exception of the period following puberty during which peak bone mass is determined. In utero and in infancy however, nutrition is a major limiting factor for growth and development, and early insults cause permanent adverse e!ects. The existence of programming in humans and other animals may partially be viewed as the consequence of evolutionary selection for early vulnerability. From the opposite perspective, the Trivers}Willard scenario only exists because, unless the subsequent environment improves drastically, poor early growth cannot be ameliorated by catch-up growth (Golden, 1994) . It is precisely because early-life nutrition is a limiting factor for later size that vertebrate mothers in general bene-"t from the ability to manipulate o!spring sex.
Morbidity vs. Mortality
Reproductive strategies and the physiological mechanisms underlying them will spread in the gene pool if they are successful compared to alternative strategies, regardless of their e!ects on individual infants. Natural selection has acted to increase the likelihood of maternal sex ratio manipulation, but the optimum outcome is not guaranteed in every individual. The model simply predicts that the degree of male vulnerability is stabilized at a level higher than that which would be predicted if there was no sex di!erence in potential return on PI. Some long-term e!ects of early male vulnerability, such as reduced motor ability, are detectable statistically but may be too minor in terms of lifetime reproductive success to be strongly selected against.
Most congenital non-infectious diseases which today cause serious morbidity in the pre-term or low birthweight infant would in the past almost invariably have led to death. Severe diseases of mental development would have led to feeding di$culties, thus jeopardizing post-natal survival. Thus, during our evolutionary history, the critical window during which nutrition programs development would have acted as an e$cient "lter, selecting out a proportion of o!spring who did not represent optimal reproductive investment for the mother. The "lter would have been most e$cient for pre-term infants, who cannot survive without modern technology, but would also have exerted harsh selective e!ects throughout infancy. Injury and infectious disease would have continued to trigger the "lter throughout infancy, acting ultimately through nutritional mechanisms, with the e!ects fading only towards the period of weaning at four years of age.
As improved medical care leads to decreased mortality and the e$ciency of the "lter is reduced, morbidity is predicted not only to increase but also to exhibit an enhanced rather than reduced sex di!erence. This pattern has already manifested during the present century with regard to mortality, whereby as the total infant mortality rate steadily declined, the mortality sex ratio increased (Bawkin, 1929; Abramowicz & Barnett, 1970) . These "ndings indicate that as the environment improves and mortality in both sexes declines, males remain more vulnerable to both severe and moderate environmental stresses.
Conclusions
Morbidity and mortality in early life are the consequence of many inter-related factors. However, insu$cient attention has been paid to the distinctive pattern of disease following birth. Applying the Trivers}Willard hypothesis of di!erential PI by sex, I have argued in this paper that the nature of the post-natal disease spectrum can partially be attributed to natural selection of physiological traits which maximize maternal reproductive "tness. Male vulnerability in poor environments has been selected because of its role in optimizing maternal reproductive strategies. This vulnerability is now exposed by environmental stresses acting in early life. According to this theory, mortality and morbidity are NATURAL SELECTION AND EARLY DISEASE predicted to remain greater in males than in females for any given degree of early environmental stress, especially following pre-term birth. Furthermore, reductions in mortality which translate into increases in early morbidity may directly increase the sex-di!erence in disease prevalence.
